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Forest degradation changes the structural heterogeneity of forests and
species communities, with potential consequences for ecosystem functions
including seed dispersal by frugivorous animals. While the quantity of
seed dispersal may be robust towards forest degradation, changes in the
effectiveness of seed dispersal through qualitative changes are poorly under-
stood. Here, we carried out extensive field sampling on the structure of forest
microhabitats, seed deposition sites and plant recruitment along three
characteristics of forest microhabitats (canopy cover, ground vegetation
and deadwood) in Europe’s last lowland primeval forest (Bialowieza,
Poland). We then applied niche modelling to study forest degradation effects
on multi-dimensional seed deposition by frugivores and recruitment of
fleshy-fruited plants. Forest degradation was shown to (i) reduce the niche
volume of forest microhabitat characteristics by half, (ii) homogenize the
spatial seed deposition within and among frugivore species, and (iii) limit
the regeneration of plants via changes in seed deposition and recruitment.
Our study shows that the loss of frugivores in degraded forests is
accompanied by a reduction in the complementarity and quality of seed dis-
persal by remaining frugivores. By contrast, structure-rich habitats, such as
old-growth forests, safeguard the diversity of species interactions, forming
the basis for high-quality ecosystem functions.

1. Introduction

Humans have degraded greater than 75% of forest ecosystems worldwide, with
much of the remaining old-growth forests at risk of degradation [1-3]. Forest
degradation alters the forest’s structure, reduces its overall biodiversity and
changes species interactions, which may ultimately lead to a functional ‘melt-
down’ of ecosystems and the services they provide to humans [4,5]. A key
biotic function of ecosystems is seed dispersal by frugivorous animals, as it
determines the spatial distribution and genetic composition of plants at small
and large scales [6,7]. Forest degradation results in a loss of frugivores and
changes plant-frugivore interactions [7,8]. Whether the frugivore loss will
also affect seed dispersal of plants, depends on how specialized interactions
between plants and frugivores are [9]. When plant-frugivore interactions are
highly specialized, interactions can hardly be compensated by other species.
The frugivore loss will then often lead to the loss of interactions, with detrimen-
tal effects on seed dispersal of the respective plants [8,9]. By contrast, when seed
dispersal is characterized by a low specialization between plants and frugivores
[10-12], seed dispersal may be relatively robust to forest degradation as
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interactions of sensitive species can be compensated by other
less sensitive, generalist species [12-14].

Most research on forest degradation effects on seed disper-
sal has been limited to quantitative investigations of seed
dispersal (i.e. assessments of number of removed fruits).
The effectiveness of seed dispersal by frugivores, however, is
also influenced by qualitative factors, which determine the
probability of a seed to produce a mature plant in a given habi-
tat [15]. Reductions in seed dispersal effectiveness through
changes in qualitative components may remain undetected,
when generalist frugivores quantitatively compensate the
loss of fruit removal by specialists in degraded habitats.

Forest degradation may directly affect the quality of seed
dispersal, when certain microhabitats change their charac-
teristics, or completely disappear, and these changes in
microhabitat structure affect regeneration of plants [16,17].
In addition, forest degradation may affect seed dispersal
quality indirectly through changes in the behaviour of frugi-
vores that will ultimately affect spatial pattern of seed
deposition [18]. Not only frugivores, but also seed-predating
animals or herbivores similarly adjust their behaviour in
degraded forests, influencing the regeneration of plants
[16,19,20]. Thus, effects of forest degradation on the structure
of microhabitats, and the behaviour of frugivores and other
animals affect two important components of seed dispersal
quality, i.e. the spatial pattern of seed deposition and the
recruitment of plants after deposition.

The manifold pathways of how forest degradation can
affect the quality of seed dispersal by frugivores make predic-
tions on the direction and magnitude of effect sizes difficult
[21]. Reductions in the quality of seed dispersal may occur
at species-level, when interactions of high-quality seed dis-
persers are quantitatively compensated by non-equivalent
(i.e. complementary), low-quality seed dispersers [22-24]. In
addition, reductions in seed dispersal quality can occur
within species, when individuals of a certain frugivore are
present in both, old-growth and degraded forests, but the
seed dispersal quality is reduced in the latter one; referred
to as ‘cryptic functional loss” of species [25]. Changes of
frugivore behaviour in degraded habitats should often
result in reductions of the quality of seed deposition and
plant recruitment [25]. However, qualitative investigations
of seed dispersal in old-growth and degraded forests are
rare due to the challenges in tracking frugivore effects on
late stages of seed dispersal in complex environments
[26,27]. Understanding the mechanisms of how forest degra-
dation affects the quality of seed dispersal will help to
identify key forest microhabitat characteristics and species
that disproportionally contribute to ecosystem functioning.

In this study, we investigated the effect of forest degradation
on seed dispersal of a diverse plant-frugivore community in
the temperate lowland forest of Bialowieza, Poland. We disen-
tangled the complex pathways of how forest degradation
influences the quality of plant—frugivore interactions, by study-
ing (i) the structure of forest microhabitats, (ii) the structure of
deposition sites of the three frugivore species most important
for fruit removal in Bialowieza Forest [28] (i.e. Sylvia atricapilla,
Turdus merula and T. philomelos) and all remaining dispersers
combined and (iii) the effect of forest microhabitat character-
istics on recruitment of the fleshy-fruited plant community in
old-growth and degraded forests. However, the suitability of
microhabitats for seed deposition and plant regeneration is
the net outcome of multiple factors that can differ in their effects

on plant life stages [21]. To account for the multi-dimensional [ 2 |

character of seed dispersal quality, we focused on three charac-
teristics of forest microhabitats important for seed dispersal and
plant recruitment to the adult stage. We recorded the canopy
cover as an inverse proxy for light availability [29], the
ground vegetation as a combined, inverse proxy for seed preda-
tion and early plant competition [30,31], and the volume of
deadwood as an inverse proxy for the intensity of herbivory
[20]. We then modelled multi-dimensional niches [32] to charac-
terize the structure of forest microhabitats and deposition sites
of frugivores.

We sought answers to the following questions. (i) How
does forest degradation affect the structure of forest microha-
bitats (canopy cover, ground vegetation, deadwood)? (ii)
What is the impact of forest degradation on seed deposition
by the frugivore community and by frugivore species
therein? (iii) Do frugivores disperse seeds non-randomly
depending on the forest type (i.e. in contrast with what
would be expected based on the availability of microhabi-
tats)? (iv) Do frugivores deposit seeds in microhabitats with
the same characteristics in old-growth and degraded forest,
either among species (i.e. redundant versus complementary
depositions) or within species (i.e. cryptic functional loss)?
(v) How does forest degradation, canopy cover and ground
vegetation affect the early stages of regeneration of plants?

2. Material and methods
(a) Study area and sites

The study was conducted in Bialowieza Forest, which spans the
borders of Poland and Belarus and is the last old-growth forest in
European lowlands. The Polish part of the forest (approx.
675 km?) is divided into Bialowieza National Park (approx.
105km?) and forests managed by the Polish National Forest
Holding ‘State Forests’. The forest is structurally rich and consists
of a mosaic of unevenly aged, species-rich tree stands as well as a
large amount of deadwood [33]. The Bialowieza Forest was first
protected as a royal hunting area, before a 47.5 km? area within
the current Bialowieza National Park was declared as a national
park. As such, this small area has remained largely pristine for
roughly 500 years, with only minor disturbances by humans
[33]. By contrast, in the forests managed by the Polish National
Forest Holding ‘State Forests’, commercial logging has been
conducted since the First World War [3,33]. Our study was
conducted at 12 of 17 sites previously used in studies of plant-
frugivore interactions in ash-alder floodplain forests [28,34].
The 12 sites were scattered over approximately 400 km?, covering
two-thirds of the Polish part of Bialowieza Forest (electronic
supplementary material, table S1). Four study sites were
situated in Bialowieza National Park (stand age: approximately
70-150 years) and eight in the managed forests (stand age:
approximately 60 years), referred to, respectively, herein as
‘old-growth” and ‘degraded’ forest.

(b) Study species

Fourteen commonly occurring woody plant species producing
fleshy fruits were included in this study: Cornus sanguinea,
Euonymus europaeus, Frangula alnus, Prunus padus, Rhamnus
cathartica, Ribes alpinum, R. nigrum, R. spicatum, Rubus fruticosus
agg., R. ideaus, Sambucus racemosa, S. nigra, Sorbus aucaparia and
Viburnum opulus. The fruiting season of this plant community
starts in mid-June, with P. padus and R. spicatum, and ends in
mid-October, with E. europaeus. At least 41 animal species act as
seed dispersers within the study sites [11,28,34]. In this study, we
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only examined the seed deposition pattern by S. atricapilla, T. merula
and T. philomelos as the sample size for statistical analysis was large
enough only for these frugivores, and all other dispersers combined
(see “Creating niche spaces’). These three bird species are small-
bodied, generalist frugivores, and are among the quantitatively
most important frugivores in Bialowieza Forest [28,34] and
throughout Europe [35].

(c) Seed deposition

The spatial seed deposition by frugivores in Bialowieza Forest
were assessed along five transects per study site from 2016 to
2018. These transects had a length of 100 m and were separated
from each other by at least 20 m. Scats with seeds of the plant
species found within a range of 1 m to the left and right of
each transect (total area of 1000 m? per site) were collected.
During the fruiting period, the transects were checked every 10
days for new scats. This resulted in 11 repetitions of the transect
walks in 2016 and 2018, and, due to a shorter fruiting season, 9
repetitions in 2017. In the case of heavy rainfall events, scats were
collected at least 2 days after they had ended. We collected
approximately 4000 seed-containing scats. Seeds recovered
from scats were not mechanically damaged [34]. Scats of most
mammals were identified in the field; otherwise, they were
stored in sterile tubes at —20°C and analysed following extraction
of their DNA. A modification of the barcoding protocol [36] was
used to extract DNA of animal origin from the surfaces of depos-
ited seeds (success rate=90.1%). Additional information on
disperser identification using DNA barcoding is provided in
electronic supplementary material, text S1.

(d) Seedling recruitment

We performed sowing experiments with nine fleshy-fruited
plant species at four study sites (two in degraded forest and two
in old-growth forest) that we also used for the study of seed depo-
sition. Each year, we collected fruits of at least six conspecific adults
of the nine most abundant plant species (E. europaeus, F. alnus,
P. padus, R. cathartica, R. nigrum, R. spicatum, S. nigra, S. aucaparia
and V. opulus) in each forest type. We removed the pulp, dried
the seeds for 48 h at room temperature and mixed them after-
wards. At each study site, we established 10 plots with
independent species-specific 50 x 50 cm? subplots for 3 years of
sowing experiments; 2016 (1 =40 subplots), 2017 (n=20) and
2018 (1 =40). We sowed 25 seeds per subplot. Sambucus nigra did
not occur in the old-growth forest and was only studied in the
degraded forest. Due to late frosts in spring, P. padus did not pro-
duce any fruits in 2016 and 2017 and was only studied in 2018. This
resulted in 2500 sown seeds for seven of the nine plant species,
1250 for S. nigra (only in degraded forest) and 1000 for P. padus
(only in 2018). We found negligible external seed input in
sowing experiments, when we checked for emerging seedlings
on a control subplot next to each subplot. An extended description
of the seedling recruitment experiments is provided in electronic
supplementary material, text S2.

To investigate first-year survival of seedlings, we tracked the
survival of emerging seedlings from sowing experiments. In
addition, we searched for seedlings at eight study sites, that we
used for studies on seed deposition of the frugivore—plant com-
munity from 2017 to 2019 [34]. We only considered seedlings
with cotyledons. We were able track the survival of 477 seedlings
as part of the sowing experiment, and 101 seedlings that
‘naturally” occurred in the forest.

(e) Assessing microhabitat characteristics

To identify microhabitat characteristics of deposition sites of
frugivores, each transect was split into five segments, each of
which was 20 m long, and each deposited scat was then assigned

to the closest segment. At each of these segments, the following
microhabitats characteristics were recorded: canopy cover,
ground vegetation cover and the volume of deadwood.
Canopy cover was determined based on up to six (5.4 +0.49)
hemispherical photos taken at the centre of each segment using
a fish-eye lens. All photos were taken during the fruiting
period from June to October in 2016 and 2017, and the area cov-
ered by forest canopy was then analysed using DHPT 1.0
software [37]. Canopy cover was calculated as the mean of the
forest coverage as depicted in taken photos. In addition, the rela-
tive coverage of vegetation at heights of O m, 0.5m and 1m
located within a radius of 10 m around the centre of each transect
segment was estimated. Ground vegetation was calculated as the
mean of the mean vegetation cover across the different heights in
2016 and 2017. The amount of deadwood was determined within
a range of 5 m to the right and left of the transect, by measuring
the diameter and length of all dead tree logs with a minimum
diameter of 10 cm (at half of the length of tree log) and the diam-
eter and height of all tree stumps with a minimum height of
50 cm. The measurements were made in August 2017. The
volume of deadwood was calculated as the sum of standing
and lying deadwood per transect segment. At the 40 plots
used for the sowing experiment, and at locations where we inves-
tigated the survival of first-year seedlings, we used the same
method to estimate canopy cover and ground vegetation as for
the deposition sites of frugivores. However, because the field
period was very labour-intensive, we performed the microhabi-
tat assessment at these locations only up to three times and
used the mean values for the analyses.

(f) Creating niche spaces

The analyses were conducted using a hypervolume approach
with a Gaussian kernel density estimation, which allowed a rela-
tively loose fit of data by the hypervolume and the inclusion of
data points away from the centroid [32,38]. Standardized
canopy cover, ground vegetation and the volume of deadwood
were used as environmental dimensions of the hypervolume to
assess the niche space of microhabitats in old-growth and
degraded forest (forest microhabitat space) and deposition sites
by frugivores therein (deposition microhabitat space). We separ-
ately examined only the seed deposition by S. atricapilla, T. merula
and T. philomelos, and for the 20 other frugivores combined, as
the number of replicates was high (1 >60) that was needed to
reduce uncertainty in the three-dimensional niche spaces. In
addition, the deposition microhabitat space of the frugivore com-
munity was assessed in old-growth and degraded forest, by
combining the microhabitat spaces of the three frugivore species
and the mixed dispersers in old-growth and degraded forest,
respectively. The resulting niche spaces were used to describe
two independent properties influencing the quality of microhabi-
tats for plant growth and therefore the quality of seed dispersal
by frugivores [15]: (i) the volume of the microhabitat space
(i.e. the niche space of available microhabitats), which was
expected to correlate with the number of microhabitats support-
ing the persistence of plant species over time and (ii) the centroid
of the niche space, which was expected to directly influence the
probability of a seed to produce a mature plant. Additional infor-
mation on the creation of niche spaces is provided in electronic
supplementary material, S3. Uncertainties in the microhabitat
spaces of the forest type and in the deposition of frugivores
were determined by bootstrapping (1 =200) the subsamples
without replacement. For each bootstrap, we then created the
forest microhabitat spaces and the deposition microhabitat
spaces of frugivore species and the frugivore community as
described above. A constant bandwidth over all bootstraps was
maintained using the mean of the Silverman estimates of all com-
binations of forest type x frugivore x bootstrap subsample for the
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forest microhabitat space and the deposition microhabitat space
of frugivore species, respectively.

(g) Data analyses

(i) Niche spaces

Statistical analyses of niche spaces remain a challenge [38], and to
our knowledge, the use of an integrated approach is currently
not possible. Thus, instead, the volumes and centroids of the
bootstrapped subsamples of the forest and seed deposition
microhabitats were compared pair-wise to determine the prob-
ability that the value of one group was larger or smaller than
that of another group (based on two-tailed p-values). Additional
details on comparisons of the volumes and centroids of the forest
and deposition microhabitat spaces are provided in the electronic
supplementary material, text S3. As small differences in the cen-
troids of forest and deposition microhabitat spaces strongly
affected the recruitment of seedlings of certain plant species
(see results), we did not include a Bonferroni correction for mul-
tiple pair-wise testing to avoid a type-II error [39]. To study the
complementarity of seed deposition by frugivore species in
old-growth and degraded forest, we calculated the fraction of
the total volume of the deposition microhabitat space of frugi-
vore community that was filled either by frugivore species or
by different combinations of frugivore species.

(ii) Seedling recruitment

To analyse the effect of the interaction between microhabitat
dimensions and forest type on plant recruitment, we used a
mark-recapture design which assumes that all seeds in the soil
remain viable throughout the study period, i.e. if seeds had not
recruited in the first year, seeds were able to recruit in the next
year. However, we found that seed bank dynamics were very
variable among plant species. Especially, S. nigra recruited very
poorly overall (1 =4 seedlings, approximately 0.3% germination
rate). To allow a full-factorial approach of analysing the data,
we entirely excluded S. nigra from the analyses, pooled the
data from the sowing experiment among years (2016, 2017 and
2018) and analysed only the year of peak recruitment for each
plant species (the first year since sowing in seven species, the
second year since sowing in E. europaeus and V. opulus). We
used a generalized linear mixed model (binomial error distri-
bution and a logit link) with the number of seedlings in the
year of peak recruitment (successes) and the number of seeds
that had remained in soil until then (failures) as a response vari-
able (binomial denominator). We used the standardized canopy
cover, the standardized ground vegetation, the forest type (old-
growth versus degraded) and their interactions as fixed factors
in this model. We included a maximal random effects structure
by including random intercepts for species and plots within
study sites, and random slopes for species responses to forest
type. In these models, we also included observation level
random effects to account for overdispersion.

To analyse the effect of the interaction between microhabitat
dimensions and forest type on early survival of seedlings, we
used a generalized linear mixed model (binomial error distri-
bution and a logit link) with survival as a binary response
variable, the standardized canopy cover, standardized ground
vegetation, forest type (old-growth versus degraded) and their
interactions as fixed factors, and study site as a random effect.
To allow a non-zero fit of the data, we pooled seedlings from
different study years. We included only five plant species with
a sufficient number of replicates: E. europaeus with 179 seedlings,
F. alnus with 54 seedlings, R. spicatum with 155 seedlings, S. aucu-
paria with 127 seedlings and V. opulus with 63 seedlings. The
number of species was too low to estimate random intercepts
and slopes. Our analysis thus included interactions of plant
species with canopy cover, ground vegetation and forest type

as fixed factors in the analysis. Additional information on the n

data analysis of plant recruitment is provided in the electronic
supplementary material, text S2.

All statistical analyses were performed using R v. 4.1.1 [40], and
the hypervolumes were created using the package ‘hypervolume’
v. 2.0.12 [41]. Generalized linear mixed models were constructed
using the package ‘glmmTMB’ v. 1.0.2.1 [42]. Significance values
for the effect of fixed factors were obtained using Wald-y” tests in
the package ‘car’ v. 3.0-9 [43]. The performance of all models was
evaluated using the package DHARMa’ v. 0.4.3 [44].

3. Results

(a) Effect of forest degradation on microhabitat
structure of the forest, and deposition sites
of frugivore community

The degraded forests were characterized by correlated
changes, both in the niche volume and the characteristics
of the forest microhabitats and of deposition sites by the
frugivore community therein. The volume of the three-
dimensional forest microhabitat space was 2.4 times larger
in old-growth than in degraded forest (118 SD?® versus 50
SD3; figure 1). This result could be attributed to the rarity in
degraded forest of forest gaps with a very low canopy
cover and of microhabitats with a large amount of deadwood
(figure 1). In general, old-growth forest had a larger amount
of deadwood (centroid: 143.5 versus 51.0 m3ha™}, p <0.01),
denser ground vegetation (centroid: 34.7 versus 31.4%, p <
0.01) and lower canopy cover (centroid: 82.5 versus 84.1%,
p=0.03) than degraded forest (electronic supplementary
material, table S3). The volume of the deposition microhabitat
space of the frugivore community was approximately 2.7
times larger in old-growth than in degraded forest (102 SD?
versus 38 SD?). The centroids of the forest microhabitat
space in both forest types were largely equal to those of the
deposition microhabitat space of the frugivore community
(four of six pair-wise comparisons, p>0.05; figure 2; elec-
tronic supplementary material, table S4). Only in degraded
forest, the frugivore community preferentially deposited
seeds within microhabitats with a lower amount of dead-
wood and a denser ground vegetation (two of six pair-wise
comparisons, p<0.01; figure 2; electronic supplementary
material, table S4). This was in contrast with what was
expected based on the availability of forest microhabitats
(i.e. non-random seed dispersal at the community level).

(b) Effect of forest degradation on microhabitat
structure of deposition sites of different frugivore
species

At the level of frugivore species, the volume and centroid of
the deposition microhabitat space followed complex patterns
in the two forest types (figures 1-3). The deposition micro-
habitat spaces of S. atricapilla, T. merula, and the mixed
dispersers were generally larger than those of T. philomelos,
independent of forest type (p <0.04; figure 3; electronic sup-
plementary material, table S5). Furthermore, in old-growth
forest, S. atricapilli deposited seeds more frequently in
microhabitats characterized by a high light availability and
a dense ground vegetation than the mixed dispersers and
T. philomelos (figure 2; p<0.01; electronic supplementary
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Figure 1. The three-dimensional forest microhabitat space of old-growth and degraded forest in Biatowieza Forest (a—c), and the deposition microhabitat space of
frugivores (mixed dispersers, S. atricapilla, T. merula and T. philomelos) in old-growth (d—f) and degraded (g—i) forest, illustrated by two-dimensional represen-
tations of (a,d,g) canopy cover and ground vegetation, (b,e,h) canopy cover and the volume of deadwood and (cf) ground vegetation and the volume of
deadwood. Circles represent the transect segments of the forest (a—c) or the deposited seeds of the frugivores therein (d—i). The centroids (squares) indicate
the centre of the forest (a—c) and the deposition microhabitat spaces (d—i) along each of the three microhabitat characteristics (canopy cover, ground vegetation

and volume of deadwood). (Online version in colour.)

material, tables S6-S8). Independent of these complex pat-
terns at species level, among-frugivore differences in the
centroids of deposition microhabitat spaces were always
larger in old-growth than degraded forest, i.e. for the
canopy cover (3.2% versus 0.78%), ground vegetation
(2.94% versus 2.3%) and amount of deadwood (0.23 versus
0.11 m3/200 m?). Similarly, the seed deposition varied more
strongly within frugivores in old-growth than degraded
forest along each microhabitat characteristic (12 of 12
comparisons of the SD of frugivore centroids between old-

growth and degraded forest; figure 2b-d; electronic

supplementary material, tables S7 and S8). The variation in
seed deposition within frugivores was on average 3.8, 2.1
and 4.2 times larger (mean=3.4) along the canopy cover,
ground vegetation and deadwood gradient, respectively
(figure 2).

() (Non-)random seed deposition by frugivore species
Seed deposition by frugivores was often non-random at the
level of species (11 of 24 pair-wise comparisons, p < 0.04; elec-
tronic supplementary material, table S9). The frequent seed
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of frugivore species (S. atricapilla, T. merula and T. philomelos, mixed dispersers) along the three environmental dimensions of forest microhabitats in old-growth and
degraded forest: (b) canopy cover, (c), ground vegetation and (d) volume of deadwood. (Online version in colour.)

depositions of mixed dispersers and T. philomelos in micro-
habitats with a high canopy cover and less dense ground
vegetation did not correspond to microhabitat availability,
especially in old-growth forest (four of four pair-wise com-
parisons, p <0.04) but also often in degraded forest (two of
four pair-wise comparisons, p <0.03). In degraded forest,
S. atricapilla deposited seeds significantly more often in
microhabitats with a dense ground vegetation (p<0.01).
Similarly, in degraded forest, all frugivore species deposited
seeds in microhabitats with a smaller volume of deadwood
with a higher frequency than would be expected by chance
(p <0.01). Otherwise, the seed deposition patterns in both
forest types corresponded to the availability of microhabitat
with certain characteristics, namely random seed deposition
by frugivore species (13 of 24 pair-wise comparisons,
p>0.05; electronic supplementary material, table S9).

(d) Complementarity versus redundancy of seed

depositions
In old-growth forest, 50-70% of the volume of the deposition
microhabitat space of the community was filled by one frugi-
vore species, with additional frugivores contributing an
average of 15.0%, 7.3% and 7.5% (figure 3). The deposition
microhabitat space of old-growth forest was consistently
reduced when T. philomelos was part of the frugivore combi-
nation, because the deposition microhabitat space of this
species was the smallest and it had the highest overlap with
that of other frugivores (two of three pair-wise comparisons,
p < 0.03, one comparison, p = 0.07; figures 2a and 3; electronic
supplementary material, table 510). In degraded forest, the
deposition microhabitat space of one frugivore accounted for
86% of the total volume of the community, and any combination
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Figure 3. (a) Volume of the deposition microhabitat space in old-growth (solid lines) and degraded (dotted lines) forest as a function of different combinations of
frugivore species (S. atricapilla, T. merula and T. philomelos, mixed dispersers) in Biatowieza Forest, Poland. The lines indicate the mean volume of the bootstrapped
deposition microhabitat spaces for each combination of frugivore species, and the shaded areas the best and worst combinations of the different frugivore species.
(b,¢) The volume and uniqueness of the deposition microhabitat space of the different frugivores, and the uniqueness of the community in the (b) old-growth and
(¢) degraded forest. The upper part of the chord-diagram shows the niche space of seed deposition (i.e. the volume of the microhabitat space) of the different
frugivores; the lower chord-diagram shows the proportion of each frugivore’s deposition to community uniqueness (i.e. part of the microhabitat space only filled by
one frugivore) and the summed proportions of the uniqueness of depositions of frugivore species (‘community uniqueness’, light green).

of two frugivores resulted in a mean completeness of 92-96% of
the total volume of the deposition microhabitat space.

(e) Recruitment of fleshy-fruited plants in forest
microhabitats

Seedling recruitment of the plant community was higher
in old-growth than degraded forest (y*=7.21, p=0.007;
figure 4a) and increased in microhabitats with a less dense
ground vegetation (y?=10.64, p =0.001; figure 4b). Seedling
recruitment was not related to canopy cover (y*=2.20, p =
0.138), and there was no interaction between canopy cover,
ground vegetation cover and forest type (see electronic
supplementary material, table S11). For a subset of five
plant species, early survival of recruits differed among
plant species (%= 45.34, p < 0.001), spanning from R. spicatum

with a survival probability of 55% to E. europaeus with
a survival probability of 76.6%. For four plant species
(E. europaeus, F. alnus, S. aucuparia and V. opulus), early
survival of seedlings was higher in light environments,
but early survival of R. spicatum increased with canopy
cover (canopy cover x plant species interaction, ;(2: 18.82,
p=0.001; figure 4c). Forest type, ground vegetation cover
and their interactions with canopy cover and plant species
did not affect early survival of the plants (electronic
supplementary material, table S11).

4. Discussion

This study revealed that forest degradation affected the
effectiveness of seed dispersal through changes in two
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qualitative components of seed dispersal: seed deposition by
frugivores and recruitment of plants. Forest degradation sim-
plified the microhabitat structure by reducing the available
niche volume and altering characteristics of forest microhabi-
tats. The observed changes in microhabitat structure from
old-growth to degraded forests led to a correlated simplifica-
tion of the microhabitat structure of seed deposition sites of
frugivores in degraded forest. In particular, forest microhabi-
tats with a high light availability and a large amount of
deadwood were lost due to forest degradation. In addition,
among- and within-frugivore differences in seed deposition
were reduced in degraded forest. Altogether, consequently,
forest degradation reduced the complementarity of seed
deposition by frugivores. We propose that this loss in comple-
mentarity was accompanied by a reduction in the quality of
seed dispersal as (i) a low diversity of seed deposition sites
and (ii) the reduced availability of light and deadwood
restrains plant regeneration [20,45]. Accordingly, our study
showed that forest degradation directly reduced seedling
recruitment of the fleshy-fruited plants, and lower light avail-
ability reduced early survival of seedlings. Thus, forest
degradation may ultimately reduce population growth of
plants, especially of light-demanding species, thereby altering
plant composition compared to old-growth forest [17,33,45].
Our findings are a further demonstration of seed dispersal
as a rather generalized plant-animal interaction [10-12], as
seed deposition sites of small-bodied key frugivores are
broadly similar. In Bialowieza Forest, the fleshy-fruited
plant community is mostly associated with one habitat type
(i.e. ash—alder forest). In ash—alder forests, the microhabitat
use of most animals may not be limited as animals can
move freely and are rarely restrained by within-habitat
boundaries. Only large mammals tend to avoid microhabitats
with large tree logs when predators are present as the tree
logs block escape routes [20]. Small differences in microhabi-
tat use by frugivores in forests could explain why the seed
deposition sites of frugivores largely overlapped in their
characteristics and why no frugivore played an outsized
role in seed deposition within microhabitats with a certain
characteristic. Similarities in microhabitat use by frugivores

also explain why frugivore abundance is usually more impor-
tant than frugivore diversity for seed deposition in temperate
forests [46,47]. By contrast, in study systems where seed dis-
persal across habitat boundaries is frequent (e.g. forest versus
meadow), differences in the spatial seed deposition among
frugivores were pronounced, even among the small-bodied
key frugivores in this study [22,48].

Nonetheless, the small differences between the deposition
patterns of certain frugivore species at the local scale, as
demonstrated herein for S. atricapilla (centroid = 81.95%)
and T. philomelos (85.15%) along the canopy cover of old-
growth forest, can lead to large increases in early survival
of seedlings (15% on average, up to 44% in V. opulus). In
addition, seed deposition pattern by T. philomelos was often
non-random, the least diverse and most redundant of all
frugivores in the three microhabitat characteristics. Thus,
although seed deposition by frugivores in temperate forests
is rather generalized, there are subtle differences between
frugivores that are important for plant recruitment. If these
frugivore effects persist until plants reach maturity [26],
small-bodied frugivores will ultimately differ in the quality
of seed dispersal for the plant species and community [15].
However, abiotic and biotic factors influencing the suitability
of forest microhabitats for plant regeneration can be context-
dependent [21]. The magnitude and direction of environ-
mental effects on plant growth may change over time as
plants grow and the habitat changes [21]. Simultaneously,
the need to pool all rare dispersers into a single group of
mixed dispersers may have obscured more subtle differences
between the contributing frugivore species, especially that of
mammals. Due to these limitations, it is yet not clear how
much the effects of forest degradation on seed dispersal
quality will limit the effectiveness of seed dispersal over the
full life cycle of plants, and whether frequent dispersers
or rare, high-quality dispersers will be most important for
plant populations and communities in old-growth and
degraded forests.

Frugivores were functionally complementary in old-
growth forest, but redundant in degraded forest. In isolation,
the high redundancy of seed dispersal in degraded forests
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would seem to indicate its robustness towards forest degra-
dation. Yet it should instead be interpreted as an increased
homogenization of seed dispersal compared to old-growth
forests. It ultimately results from a decrease in structural het-
erogeneity of the habitat, species loss and an alignment of
plant-frugivore interactions between and within the remain-
ing species. Structural complexity of habitats promotes highly
diverse species interactions [49]. This increases the prob-
ability that species with strongly divergent optima in
terms of habitat conditions or interaction partners can
co-occur [50,51]. A decrease in the functional comple-
mentarity of seed dispersal may thus pose a challenge to
the population dynamics of plant species in degraded forests
and modify the community composition and functioning of
forest ecosystems.

Our study is one of the very few to show the shift in an
ecosystem function that accompanies forest degradation.
This was evidenced by a shift from the high-quality, partially
complementary outcome of plant—frugivore interactions in
complex habitats to the low-quality, almost entirely redun-
dant outcome of plant-frugivore interactions of the same
species in degraded habitats. These observations highlight
the importance of heterogeneous habitats, such as old-
growth forests [5], in maintaining biodiversity and species
interactions. Furthermore, it stresses the need to ensure struc-
tural heterogeneity, not only at the landscape scale [52] but
also at the local scale, in order to preserve the ecosystem func-
tions of forests. The species losses that commonly follow
anthropogenic disturbances imply a simultaneous loss of
the complementary functions provided by other co-occurring
species [25]. The assumption that functional redundancy will
protect species and ecosystem functions can thus be erro-
neous, if the original distributions and interactions of

species are unknown [53]. Our study demonstrates the need
to integrate qualitative aspects into assessments of the effects
of forest degradation on biodiversity, ecosystem functionality
and the ecosystem services provided to humans.

Data accessibility. The original contributions and R code presented in the
study are included in the article, electronic supplementary material
[55] or Dryad Digital Repository [54].
Authors” contributions. ER.: conceptualization, formal analysis, investi-
gation, methodology, visualization, writing—original draft and
writing—review and editing; J.S.: conceptualization, data curation,
formal analysis, investigation, methodology, validation, visualization,
writing—original draft and writing—review and editing; B.J.: project
administration, resources, supervision and writing—review and edit-
ing; D.G.S.: conceptualization, funding acquisition, methodology,
project administration, resources, supervision and writing—review
and editing; N.F.: conceptualization, funding acquisition, method-
ology, project administration, resources, supervision and writing—
review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. The authors declare no competing interests.

Funding. This project was funded by the German Research Foundation
(FA925/10-1, 10-2; BE 6041/1-1, SCHA 2085/1-2).

Acknowledgements. We sincerely thank the administration of the Bialo-
wieza National Park, the forest administrations of Bialowieza,
Hajnéwka and Browsk, as well as the Polish authorities (Ministry
of Environment, Polish General Directorate of Environment Con-
servation, Warsaw and Regional Directorate of Environment
Conservation, Bialystok) for permission to conduct research in Biato-
wieza Forest. This research was carried out in cooperation with the
International Centre for Research on Forest Ecosystems of the Univer-
sity of Warsaw. We thank the numerous volunteers who made this
work possible. We thank Esther Meifiner and Marcel Becker for
their technical assistance, and Eelke Jongejans for his helpful com-
ments on the statistical analyses of the plant regeneration. We
thank three anonymous reviewers for their helpful comments that
substantially improved the quality of the manuscript.

dispersal. Annu. Rev. Ecol. Syst. 13, 201-228.
(doi:10.1146/annurev.es.13.110182.001221)

Front. Ecol. Evol. 9, 698885. (doi:10.3389/fev0.2021.
698885)

References
Venter O et al. 2016 Sixteen years of change in the 7. Rogers HS, Donoso |, Traveset A, Fricke EC. 2021 12. Vizentin-Bugoni J et al. 2021 Ecological
global terrestrial human footprint and implications (ascading impacts of seed disperser loss on plant correlates of species’ roles in highly invaded
for biodiversity conservation. Nat. Commun. 7, communities and ecosystems. Annu. Rev. Ecol. Evol. seed dispersal networks. Proc. Nat! Acad. Sci.
1-11. (doi:10.1038/ncomms12558) Syst. 52, 641-666. (doi:10.1146/annurev-ecolsys- USA 118, €2009532118. (doi:10.1073/pnas.
Potapov P et al. 2017 The last frontiers of 012221-111742) 2009532118)
wilderness: tracking loss of intact forest landscapes 8.  Galetti M et al. 2013 Functional extinction of birds ~ 13. Farwig N, Schabo DG, Albrecht J. 2017 Trait-
from 2000 to 2013. Sci. Adv. 3, 1-14. (d0i:10.1126/ drives rapid evolutionary changes in seed size. associated loss of frugivores in fragmented forest
sciadv.1600821) Science 340, 1086—1090. (doi:10.1126/science. does not affect seed removal rates. J. Ecol. 105,
Mikusinski G, Bubnicki JW, Churski M, Czeszczewik 1233774) 20-28. (doi:10.1111/1365-2745.12669)
D, Walankiewicz W, Kuijper DPJ. 2018 Is the 9. Emer C, Galetti M, Pizo MA, Guimardes PR, Moraes  14. Fricke EC, Ordonez A, Rogers HS, Svenning J. 2022
impact of loggings in the last primeval S, Piratelli A, Jordano P. 2018 Seed-dispersal The effects of defaunation on plants’ capacity to
lowland forest in Europe underestimated? The interactions in fragmented landscapes: a track climate change. Science 375, 210-214.
conservation issues of Biatowieza Forest. Biol. metanetwork approach. Ecol. Lett. 21, 484—493. (doi:10.1126/science.abk3510)
Conserv. 227, 266-274. (doi:10.1016/j.biocon.2018. (doiz10.1111/ele.12909) 15. Schupp EW, Jordano P, Gémez JM. 2017 A general
09.001) 10. Albrecht J et al. 2018 Plant and animal framework for effectiveness concepts in mutualisms.
Pecl GT et al. 2017 Biodiversity redistribution under functional diversity drive mutualistic network Ecol. Lett. 20, 577-590. (doi:10.1111/ele.12764)
climate change: impacts on ecosystems and human assembly across an elevational gradient. 16. Gonzdlez-Varo JP, Nora S, Aparicio A. 2012
well-being. Science 355, aai9214. (doi:10.1126/ Nat. Commun. 9, 1-10. (doi:10.1038/541467-018- Bottlenecks for plant recruitment in woodland
science.aai9214) 05610-w) remnants: an ornithochorous shrub in a
Watson JEM et al. 2018 The exceptional value of 11. Rehling F, Jaroszewicz B, Braasch LV, Albrecht J, Mediterranean ‘relictual’ landscape. Perspect. Plant
intact forest ecosystems. Nat. Ecol. Evol. 2, 599-610. Jordano P, Schlautmann J, Farwig N, Schabo DG. Ecol. Evol. Syst. 14, 111-122. (d0i:10.1016/j.ppees.
(doi:10.1038/541559-018-0490-X) 2021 Within-species trait variation can lead to size 2011.11.002)
Howe HF, Smallwood J. 1982 Ecology of seed limitations in seed dispersal of small-fruited plants. ~ 17. Rey PJ, Alcantara JM. 2014 Effects of habitat

alteration on the effectiveness of plant-avian seed
dispersal mutualisms: consequences for plant

L6£0Z207 687 § 0S °Y 20id  qdsi/jeunol/bio buiysigndfianosiefos H


http://dx.doi.org/10.1038/ncomms12558
http://dx.doi.org/10.1126/sciadv.1600821
http://dx.doi.org/10.1126/sciadv.1600821
http://dx.doi.org/10.1016/j.biocon.2018.09.001
http://dx.doi.org/10.1016/j.biocon.2018.09.001
http://dx.doi.org/10.1126/science.aai9214
http://dx.doi.org/10.1126/science.aai9214
http://dx.doi.org/10.1038/s41559-018-0490-x
http://dx.doi.org/10.1146/annurev.es.13.110182.001221
http://dx.doi.org/10.1146/annurev-ecolsys-012221-111742
http://dx.doi.org/10.1146/annurev-ecolsys-012221-111742
http://dx.doi.org/10.1126/science.1233774
http://dx.doi.org/10.1126/science.1233774
https://doi.org/10.1111/ele.12909
http://dx.doi.org/10.1038/s41467-018-05610-w
http://dx.doi.org/10.1038/s41467-018-05610-w
http://dx.doi.org/10.3389/fevo.2021.698885
http://dx.doi.org/10.3389/fevo.2021.698885
http://dx.doi.org/10.1073/pnas.2009532118
http://dx.doi.org/10.1073/pnas.2009532118
http://dx.doi.org/10.1111/1365-2745.12669
http://dx.doi.org/10.1126/science.abk3510
http://dx.doi.org/10.1111/ele.12764
http://dx.doi.org/10.1016/j.ppees.2011.11.002
http://dx.doi.org/10.1016/j.ppees.2011.11.002

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

regeneration. Perspect. Plant Ecol. Evol. Syst. 16,
21-31. (doi:10.1016/j.ppees.2013.11.001)
McConkey KR, Prasad S, Corlett RT, Campos-Arceiz A,
Brodie JF, Rogers H, Santamaria L. 2012 Seed
dispersal in changing landscapes. Biol. Conserv.
146, 1-13. (doi:10.1016/j.biocon.2011.09.018)
Mendes CP, Ribeiro MC, Galetti M. 2016 Patch size,
shape and edge distance influence seed predation
on a palm species in the Atlantic forest. Ecography
39, 465-475. (doi:10.1111/ec0g.01592)

van Ginkel HAL, Kuijper DPJ, Schotanus J, Smit C.
2019 Wolves and tree logs: landscape-scale and
fine-scale risk factors interactively influence tree
regeneration. Ecosystems 22, 202-212. (doi:10.
1007/s10021-018-0263-2)

Schupp EW. 2007 The suitability of a site for seed
dispersal is context-dependent. In Seed dispersal:
theory and its application in a changing world (eds
AJ Dennis, EW Schupp, RJ Green, DA Westcott),
pp. 445-462. Wallingford, UK: CABI.
Garcia-Rodriguez A, Albrecht J, Farwig N, Frydryszak
D, Parres A, Schabo DG, Selva N. 2022 Functional
complementarity of seed dispersal services provided
by birds and mammals in an alpine ecosystem. J. Ecol.
110, 232-247. (doi:10.1111/1365-2745.13799)
Calvino-Cancela M, Martin-Herrero J. 2009
Effectiveness of a varied assemblage of seed
dispersers of a fleshy-fruited plant. Ecology 90,
3503-3515. (doi:10.1890/08-1629.1)
Gonzdlez-Castro A, Calvifio-Cancela M, Nogales M.
2015 Comparing seed dispersal effectiveness by
frugivores at the community level. Ecology 96,
808-818. (doi:10.1890/14-0655.1)

McConkey KR, O'Farrill G. 2016 Loss of seed dispersal
before the loss of seed dispersers. Biol. Conserv. 201,
38-49. (doi:10.1016/j.biocon.2016.06.024)

Wang BC, Smith TB. 2002 Closing the seed dispersal
loop. Trends Ecol. Evol. 17, 379-386. (doi:10.1016/
$0169-5347(02)02541-7)

Rogers HS et al. 2019 The total dispersal kernel: a
review and future directions. AoB Plants 11, 1-13.
(doi:10.1093/aobpla/plz042)

Albrecht J, Berens DG, Bliithgen N, Jaroszewicz B,
Selva N, Farwig N. 2013 Logging and forest edges
reduce redundancy in plant-frugivore networks in
an old-growth European forest. J. £col. 101,
990-999. (doi:10.1111/1365-2745.12105)

Wenny DG. 2000 Seed dispersal, seed predation,
and seedling recruitment of a neotropical montane
tree. Ecol. Monogr. 70, 331. (doi:10.2307/2657180)
Kollmann J, Buschor M. 2003 Edges effects on seed
predation by rodents in deciduous forests of
northern Switzerland. Plant Ecol. 164, 249-261.
(doi:10.1023/A:1021225728493)

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Royo AA, Carson WP. 2008 Direct and indirect
effects of a dense understory on tree seedling
recruitment in temperate forests: habitat-mediated
predation versus competition. Can. J. For. Res. 38,
1634-1645. (doi:10.1139/X07-247)

Blonder B, Lamanna C, Violle C, Enquist BJ. 2014
The n-dimensional hypervolume. Glob. Ecol.
Biogeogr. 23, 595-609. (doi:10.1111/geb.12146)
Jaroszewicz B, Cholewinska 0, Gutowski JM,
Samojlik T, Zimny M, Latatowa M. 2019 Biatowieza
forest: a relic of the high naturalness of European
forests. Forests 10, 1-28. (doi:10.3390/f10100849)
Schlautmann J, Rehling F, Albrecht J, Jaroszewicz B,
Schabo DG, Farwig N. 2021 Observing frugivores or
collecting scats: a method comparison to construct
quantitative seed dispersal networks. Oikos 130,
1359-1369. (doi:10.1111/0ik.08175)

Gonzélez-Varo JP et al. 2021 Limited potential for
bird migration to disperse plants to cooler latitudes.
Nature 595, 75-79. (doi:10.1038/541586-021-
03665-2)

Gonzalez-Varo JP, Arroyo JM, Jordano P. 2014 Who
dispersed the seeds? The use of DNA barcoding in
frugivory and seed dispersal studies. Methods

Ecol. Evol. 5, 806-814. (doi:10.1111/2041-210X.
12212)

Loffredo N, Sun X, Onda Y. 2016 DHPT 1.0: new
software for automatic analysis of canopy closure
from under-exposed and over-exposed digital
hemispherical photographs. Comput. Electron. Agric.
125, 39-47. (doi:10.1016/j.compag.2016.04.028)
Blonder B. 2018 Hypervolume concepts in niche-
and trait-based ecology. Ecography 41, 1441-1455.
(doiz10.1111/ec0g.03187)

Armstrong RA. 2014 When to use the Bonferroni
correction. Ophthalmic Physiol. Opt. 34, 502-508.
(doi:10.1111/0p0.12131)

R Core Team 2021 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing.

Blonder B et al.. 2019 Hypervolume: high
dimensional geometry and set operations using
kernel density estimation, support vector machines,
and convex hulls. R package version 2.0.12. See
https://CRAN.R-project.org/package=hypervolume.
Brooks ME, Kristensen K, Benthem KJ, Magnusson
A, Berg CW, Nielsen A, Skaug HJ, Machler M, Bolker
BM. 2017 glmmTMB balances speed and flexibility
among packages for zero-inflated generalized linear
mixed modeling. R J. 9, 378. (doi:10.32614/R)-
2017-066)

Fox J, Weisberg S. 2019 Car: an R companion to
applied regression, 3rd edn. Thousand Oaks, CA:
Sage.

4,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Hartig F. 2021 DHARMa: residual diagnostics for
hierarchical (multi-level/mixed) regression models.
R package version 0.4.3. See http://florianhartig.
github.io/DHARMa.

Brodie JF, Helmy OE, Brockelman WY, Maron JL.
2009 Functional differences within a quild of
tropical mammalian frugivores. Ecology 90,
688-698. (doi:10.1890/08-0111.1)

Garcia D, Zamora R, Amico GC. 2010 Birds as
suppliers of seed dispersal in temperate ecosystems:
conservation quidelines from real-world landscapes.
Conserv. Biol. 24, 1070-1079. (doi:10.1111/j.1523-
1739.2009.01440.x)

Garcia D, Donoso |, Rodriguez-Pérez J. 2018
Frugivore biodiversity and complementarity in
interaction networks enhance landscape-scale seed
dispersal function. Funct. Ecol. 32, 2742-2752.
(doi:10.1111/1365-2435.13213)

Gonzdlez-Varo JP, Carvalho CS, Arroyo JM, Jordano
P. 2017 Unravelling seed dispersal through
fragmented landscapes: frugivore species operate
unevenly as mobile links. Mol. Ecol. 26, 4309—4321.
(doi:10.1111/mec.14181)

Thiel S, Tschapka M, Heymann EW, Heer K. 2021
Vertical stratification of seed-dispersing vertebrate
communities and their interactions with plants in
tropical forests. Biol. Rev. 96, 454—469. (doi:10.
1111/brv.12664)

Guimardes PR, Pires MM, Jordano P, Bascompte J,
Thompson IN. 2017 Indirect effects drive
coevolution in mutualistic networks. Nature 550,
511-514. (doi:10.1038/nature24273)

Mordn-Lépez T, Gonzdlez-Castro A, Morales JM,
Nogales M. 2020 Behavioural complementarity
among frugivorous birds and lizards can promote
plant diversity in island ecosystems. Funct. Ecol. 34,
182-193. (doi:10.1111/1365-2435.13476)
Gamez-Virués S et al. 2015 Landscape simplification
filters species traits and drives biotic
homogenization. Nat. Commun. 6, 8568. (doi:10.
1038/ncomms9568)

Rosenfeld JS. 2002 Functional redundancy in
ecology and conservation. Oikos 98, 156—162.
(doi:10.1034/j.1600-0706.2002.980116.x)

Rehling F, Schlautmann J, Jaroszewicz B, Schabo
DG, Farwig N. 2022 Data from: forest degradation
limits the complementarity and quality of animal
seed dispersal. Dryad Digital Repository. (doi:10.
5061/dryad.wdbrv15q1)

Rehling F, Schlautmann J, Jaroszewicz B, Schabo
DG, Farwig N. 2022 Forest degradation limits the
complementarity and quality of animal seed
dispersal. FigShare. (doi:10.6084/m9.figshare.c.
5994687)

L6£0Z207 687 § 0S °Y 20id  qdsi/jeunol/bio buiysigndfianosiefos E


http://dx.doi.org/10.1016/j.ppees.2013.11.001
http://dx.doi.org/10.1016/j.biocon.2011.09.018
http://dx.doi.org/10.1111/ecog.01592
http://dx.doi.org/10.1007/s10021-018-0263-z
http://dx.doi.org/10.1007/s10021-018-0263-z
http://dx.doi.org/10.1111/1365-2745.13799
http://dx.doi.org/10.1890/08-1629.1
http://dx.doi.org/10.1890/14-0655.1
http://dx.doi.org/10.1016/j.biocon.2016.06.024
http://dx.doi.org/10.1016/S0169-5347(02)02541-7
http://dx.doi.org/10.1016/S0169-5347(02)02541-7
http://dx.doi.org/10.1093/aobpla/plz042
http://dx.doi.org/10.1111/1365-2745.12105
http://dx.doi.org/10.2307/2657180
https://doi.org/10.1023/A:1021225728493
http://dx.doi.org/10.1139/X07-247
http://dx.doi.org/10.1111/geb.12146
https://doi.org/10.3390/f10100849
http://dx.doi.org/10.1111/oik.08175
http://dx.doi.org/10.1038/s41586-021-03665-2
http://dx.doi.org/10.1038/s41586-021-03665-2
http://dx.doi.org/10.1111/2041-210X.12212
http://dx.doi.org/10.1111/2041-210X.12212
http://dx.doi.org/10.1016/j.compag.2016.04.028
http://dx.doi.org/10.1111/ecog.03187
http://dx.doi.org/10.1111/opo.12131
https://CRAN.R-project.org/package=hypervolume
http://dx.doi.org/10.32614/RJ-2017-066
http://dx.doi.org/10.32614/RJ-2017-066
http://florianhartig.github.io/DHARMa
http://florianhartig.github.io/DHARMa
http://dx.doi.org/10.1890/08-0111.1
http://dx.doi.org/10.1111/j.1523-1739.2009.01440.x
http://dx.doi.org/10.1111/j.1523-1739.2009.01440.x
http://dx.doi.org/10.1111/1365-2435.13213
http://dx.doi.org/10.1111/mec.14181
http://dx.doi.org/10.1111/brv.12664
http://dx.doi.org/10.1111/brv.12664
http://dx.doi.org/10.1038/nature24273
http://dx.doi.org/10.1111/1365-2435.13476
http://dx.doi.org/10.1038/ncomms9568
http://dx.doi.org/10.1038/ncomms9568
http://dx.doi.org/10.1034/j.1600-0706.2002.980116.x
http://dx.doi.org/10.5061/dryad.wdbrv15q1
http://dx.doi.org/10.5061/dryad.wdbrv15q1
http://dx.doi.org/10.6084/m9.figshare.c.5994687
http://dx.doi.org/10.6084/m9.figshare.c.5994687

	Forest degradation limits the complementarity and quality of animal seed dispersal
	Introduction
	Material and methods
	Study area and sites
	Study species
	Seed deposition
	Seedling recruitment
	Assessing microhabitat characteristics
	Creating niche spaces
	Data analyses
	Niche spaces
	Seedling recruitment


	Results
	Effect of forest degradation on microhabitat structure of the forest, and deposition sites of frugivore community
	Effect of forest degradation on microhabitat structure of deposition sites of different frugivore species
	(Non-)random seed deposition by frugivore species
	Complementarity versus redundancy of seed depositions
	Recruitment of fleshy-fruited plants in forest microhabitats

	Discussion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


